Observations of the distribution of tectonic features and their relationship to local surface topography indicate that the floor of the oldest and largest crater of the summit caldera of Mars' Olympus Mens volcano may have undergone subsidence in response to depressurizatien of a subsurface magma chamber. In this study, we construct an axisymmetric finite element model to calculate elastic stresses in a volcanic edifice to investigate the relationship between surface tectonism, caldera subsidence, and the physical characteristics of Olympus Mens' magmatic reservoir. Constraints on the model are provided by the stress field within the crater indicated by the distribution of radial ridges and circumferential graben that we hypothesize formed due to a postcollapse and pestresurfacing phase of subsidence of the caldera floor. Model results show that the surface stress state is not strongly sensitive to the aspect ratio or pressure distribution of the magma chamber, or to the contrast in stiffness between the magma chamber and surroundings, but is strongly dependent on the width and depth of the chamber. 
INTRODUCTION
Studies of the eruptive characteristics of terrestrial basaltic volcanoes indicate that magma is generally transported from a deep, upper mantle source region to the surface via a shallow holding chamber [Eaton and Murata, 1960] . The configuration and depth of this chamber have implications for the nature of magmatic transport as well as for the processes which initiate and sustain eruptions. In closely monitored shields such as Hawaii's Kilauea volcano, the geometry and depth of the magma chamber have been constrained from seismic and gravity data [Crosson and Endo, 1981 [Watters and Chadwick, 1990 ]. Photogeologic evidence for basalt-like re surfacing of the caldera floor [Greeley and Spudis, 1981] , in combination with the observed topography, has been interpreted to indicate that a large lava lake within the crater has subsided in its central region due to pressure reduction in the underlying magma On the basis of geologic mapping and numerical modeling of the stress regime of the Olympus Mons caldera complex, we suggest that certain tectonic features within crater 1 may preserve a record of the proposed subsidence event. If this is the case, then the stress field inferred from the features may contain information about the magma chamber at the time of subsidence. The objective of this study is to explore the possible relationship between tectonic features within the Olympus Mons caldera and the nature of the magma chamber. To accomplish this, we begin by reviewing the geologic and structural context of the caldera, then describe a simple model of magma chamber depressurization and surface subsidence that can explain the distribution and timing of a specific assemblage of tectonic features within crater 1. We apply the model, with constraints provided by the observed spatial distribution of the tectonic features, to investigate the extent to which the size, shape, depth, and pressurization state of the magmatic reservoir can be determined. We find that a wide range of magma chamber aspect ratios and pressure distributions can produce surface stresses consistent with the observed pattern of tectonism and conclude that neither the relative dimensions of the magma chamber nor the details of its pressurization can be confidently constrained from the tectonics alone. We also find that the distribution of surface stress is a sensitive indicator of the width and depth of the magma chamber. From our model results and observations, we find the depth to the top of the magma chamber at the time of subsidence to have been within the volcanic edifice, possibly at the level of neutral buoyancy, as is the case for several well-studied terrestrial We recognize the possibility that the tectonic features we identified were produced by a mechanism other than subsidence related to deflation, such as simple cooling of the proposed lava lake that comprises the smooth matedhals in which the tectonic structures formed. However, we note that the pattern of observed surface deformation within crater 1 is not consistent with the theoretically predicted distribution of thermal stresses induced in a uniformly cooling circular plate [Boley and Wiener, 1966] . In addition, this pattern of features is not observed in recently cooled lava lakes in Hawaii [Wright and Okamura, 1977; Peck, 1978] . Neither is it likely that convective shear stresses at the base of a cooling lava lake would produce stresses that can be consistent with the observed pattern of deformation.
If the tectonic features in crater 1 are indeed a consequence of floor subsidence associated with magma chamber deflation, then their spatial distribution provides a constraint on the geometry and depth of the deflational source, i.e., the subsurface magmatic reservoir, at the time of the subsidence event. We adopt this working hypothesis and develop models of magma chamber deflation constrained by the transition from compressional radial ridges to extensional concentric graben within the caldera. The association of the circumferr,u r=Rc 
MECHANICAL MODEL

Method of Solution
To quantify the edifice stress field, we employed a finite element approach in which the volcano and its surroundings were approximated by a grid composed of a specified number of structural elements that are connected at nodal points. We used the program TECTON [Melosh and Raefsky, 1980] to develop a general linear elastic model that includes the effects of gravity and self-compression. For simplicity, we used an axisymmetric model.
In a finite element analysis, the nodal displacements, which we represent by a vector U, are the principal unknowns and define the number of degrees of freedom in the problem [cf. Bathe, 1982] . This vector can be related to another vector F that contains the components of force acting at each node and a global stiffness matrix K by
where K was constructed from the elastic constants, element dimensions, and local force-displacement relationships. Equation (1) constitutes a set of simultaneous equations that was solved for a specified set of boundary conditions using a Gaussian elimination routine [Desai and Abel, 1972] . A quadratic interpolator was used in the computation of the nodal displacements. Figure 4 illustrates the boundary conditions on one of the grids used in the analysis. The grid represents the Olympus Mons volcano, with a radius of 300 km and height of 30 km and the underlying lithosphere down to a depth of 150 km beneath the base of the volcano. The following conditions were imposed: vanishing horizontal displacements (u) at the center of symmetry of the volcano (left boundary), vanishing vertical displacements (w) at depths much greater than the crater radius (bottom boundary), and vanishing horizontal and vertical displacements at radial distances far from the lipsoidally shaped chamber, in which the half axes of the magma chamber were assumed to be tilted with respect to the r and z coordinate axes. While this shape is idealized and not physically justifiable, it was easily implemented and served to illustrate the effect of varying magma chamber shape on the best-fit depth. For this solution, a positive tilt angle 0 corresponds to a counterclockwise rotation of the chamber axes and a negative angle 0 corresponds to a clockwise rotation. Figure 8 shows that positive and negative tilts cause the transition from compression to extension to shift slightly farther from and closer to the center, respectively. However, for the range of tilt angles examined the change in the crossover distance is insignificant. Unless the magma chamber was highly inclined with respect to the horizontal, chamber orientation is not an important factor in constraining the best fit depth.
Boundary Conditions
Stiffness Contrast
The sensitivity of the solution to the contrast in Young's modulus between the magma chamber and surroundings (Emc/E s) is shown in Figure 9 . Figure 9 demonstrates that if Emc < Es, the depth of the magma chamber is essentially insensitive to this ratio. For Emc/E s --1, the transition from compression to extension shifts to a greater distance from the center and would require a shallower magma chamber than determined in Figure 6 to explain the observed pattern of tectonism. The case in which Emc/E s > 1, which corresponds to a magma chamber that is more stiff than its surroundings, is characterized by an even greater transition distance. However, this situation is not physically realistic.
Magma Chamber Pressure Distribution
In addition to assuming magma chamber point force vectors directed normal to the wall of the magma chamber (Figure 5b) , we also calculated solutions in which vectors 5O Magma Chamber Aspect Ratio Figure 7 shows that the best-fit depth is not very sensitive to the aspect ratio of the chamber for c/a < 1, which corresponds to an oblate ellipsoid (semimajor axis in the x direction). For c/a > 1, corresponding to a prolate ellipsoid (semimajor axis in the z direction), the transition from radial compression to extension shifts to greater distances. Therefore, if the magma chamber is prolate, it must have been either shallower or narrower than determined in Figure 6 at the time of crater floor subsidence to explain the observed transition from radial compression to extension. Since it is unlikely that the chamber is significantly narrower than the collapse crater [cf. Marsh, 1984] , a shallower magma chamber would be implied.
Magma Chamber Orientation
In order to investigate the stress field associated with a tilted magma chamber, we examined a model with a nonel- were oriented radially from center and in which all vectors were directed downward along the z axis. The crossover points of the radial stress for these cases were found to be virtually indistinguishable from the case in which the vectors were oriented normal to the chamber wall. We also considered the potential importance of the magnitude of magma chamber pressurization. This was done by varying all force vector lengths by the same amount. Figure 10 shows that this affects the magnitude of the radial stress. However, the distance from center of the transition of radial compression to extension, and the depth of the magma chamber implied by the transition, remain unchanged. We also investigated a variety of distributions of point force magnitudes. In addition to the case of uniform magnitudes at all nodes within the chamber shown (Figure 5 b) , we also calculated solutions for models in which magnitudes were dependent on the distance from the center of the chamber. For some cases, changing the distributions of magnitudes of the point forces modified the magnitudes of the surface stresses and some details of the shape of the radial stress distribution, but in no cases did these changes significantly alter the transition of %r0 from compression to extension. We thus conclude that the best fit depth range is not strongly sensitive to the details of the imposed pressure distribution as long as the chamber is depressurizing. If the magma chamber were instead overpressured, i.e., inflating instead of deflating, then the signs of the stresses in Figure 3 would be reversed. The center of the crater would be in extension rather than compression and the crater periphery would be in compression. Such a state of stress is not consistent with the observed distribution of tectonic features within the Olympus Mons caldera, indicating that the magma chamber could not have been significantly overpressured at the time the tectonic features formed. Figure 11 demonstrates that the depth of the magma chamber is highly sensitive to chamber width. Again, the magma chamber is unlikely to have been markedly narrower than the crater [Marsh, 1984] . If it was wider, then the transition from compression to extension would have occurred at a greater radius from the crater center than for the scenario in Figure 6 where the magma chamber radius equals the crater radius. For a wider magma chamber, a shallower maximum depth than determined for the parameters assumed in Figure 6 is implied.
Magma Chamber Width
DISCUSSION
Influence of Far-Field Stresses
In all of the solutions discussed above we assumed a continuity of stresses across the crater edge. We did not explicitly include in the model a steeply-dipping bounding fault, which is commonly observed in terrestrial calderas [Williams and McBirney, 1968 -Krieger, 1959] show that the radial stress for a plate that is welded to its surroundings will be modified from that for a freely floating plate if a remote stress is transmitted across the boundary. However, for remote stresses to be important, they must be similar in magnitude to those for magma chamber depressurization and accumulate on comparable timescales.
One For the range of models that we have examined, parameter uncertainties tend to shift the calculated depth of the top of the magma chamber to shallower levels than indicated by our baseline model (Figure 6 ). This trend holds for plausible ranges of values of density and Poisson' s ratio. We therefore consider a value of 0.5Rc (16 km) to be an upper limit of the depth of the magma chamber. Because of the nature of the observational constraints and the model behavior, it is not possible to reliably define a lower limit, so we conservatively assume that all depths -< 16 km are allowable. The summit of Olympus Mons rises 27 km above its surroundings [Wu et al., 1986] . Thus if concentric ridges and graben within crater 1 of the Olympus Mons caldera complex formed as a consequence of subsidence related to magma chamber withdrawal, then at the time of subsidence the magma chamber must have been located within the volcanic edifice.
Analyses of magma chamber depth for a number of terrestrial intraplate volcanic islands indicate a shallow reservoir between 2 and 4 km beneath the summit [Chevalier and Verwoerd, 1988] . In addition, magma chamber depths for Iceland's Krafla [Tryggvason, 1986] , and Hawaii's Mauna Loa [Zucca et al., 1982] 
Terrestrial Subsidence Studies
One of the best-known examples of tectonic features associated with deflational subsidence of a subsurface magmatic reservoir on Earth are the "ring dikes" that have been mapped within the Cullin intrusive complex in Skye, Scotland [Anderson, 1936] . Ring dikes consist of narrow, outward sloping, concentric intrusions that surround individual plutonic complexes. These structures were hypothesized to have formed along zones of maximum shear stress associated with deflation of a subsurface magmatic reservoir. The peripheral graben within crater 1 of Olympus Mons are characterized by a sense, orientation, and spatial position that could plausibly correspond to a surficial manifestation of the ring dikes described by Anderson. However, the ground surface on which the ring dikes are exposed at Skye is erosional and thus does not correspond to the surface that existed at the time of the deflation event. Anderson [1936] expressed uncertainty concerning whether the ring fractures in the Skye region extended to the ground surface at the time of formation. In contrast, the floor of crater 1 at the summit of Olympus Mons shows little evidence of erosion, from which we infer that features currently at the surface formed in its vicinity. Consequently, it is not clear whether or not the features within crater 1 formed in a manner analogous to those at Skye. Most other terrestrial deflational subsidence studies focus on surface displacements rather than surface stresses [e.g., Mogi, 1958] , as the former observation is more diagnostic of a particular subsurface source geometry. Unfortunately, ground displacement data is not available for volcanic structures on Mars.
Summit Tectonics of Other Major Martian Shields
The summit area of the volcano Alba Patera is perhaps the second most interesting locus of volcanic edifice tectonism on Mars. Despite the low elevation of this structure compared to other major shields, the appearance of the caldera complex is essentially shield-like [Wood, 1984] . However, none of these caldera complexes exhibits a clear transition from compression to extension that would permit magma chamber depth to be constrained using the model employed in this analysis. Since many calderas have undergone subsidence during their evolution, the question arises as to why Olympus Mons uniquely exhibits tectonic evidence for this process. At least part of the answer may be related to the relative timing of initial collapse, resurfacing of the crater floor, and subsidence. In addition, the mechanical properties of the summit region and the geometry, mechanical properties, and manner of depressurization of the magma chamber may have contributed.
SUMMARY
If certain ridges and graben, shown in Figure 2 , formed as a consequence of subsidence of the floor of the Olympus Mons caldera in response to deflation of the underlying magma chamber, then the stress field implied by these features can be used as a constraint on models to investigate the gross characteristics of the chamber. Application of a linearly elastic, axisymmetric finite element model to determine elastic stresses in the vicinity of a volcanic summit demonstrates that a broad range of magma chamber aspect ratios and pressure distributions can produce surface stress fields consistent with the observed pattern of tectonic features. Therefore the relative geometry, volume, and details of the pressurization of the magma chamber cannot be confidently constrained on the basis of stresses alone. However, the surface stress field is sensitive to the width and depth of the chamber; the width of the chamber trades off with its depth such that a wider chamber implies a shallower depth. The constraint that the chamber cannot have been significantly narrower than the crater, and observations of the distribution of tectonic features within the crater, constrain the depth to the top of the Olympus Mons magma chamber at the time of subsidence to have been _< 16 km. This depth range suggests that if the densities of melt and country rock associated with terrestrial and Martian shield volcanoes, respectively, are similar, then the chamber formed at the level where ascending magma and surrounding rocks were gravitationally stable. A magma chamber at this depth would have been located within the Olympus Mons edifice, at a level much shallower than the probable source depth of Martian primary magmas. Thus the general model for the internal magmatic plumbing system of many terrestrial volcanoes [Eaton and Murata, 1960] , i.e., a deep source of partial melt which ascends to a shallow magma chamber that fuels episodic eruptions, may describe Olympus Mons as well.
